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Virus replication complexPlant potyviruses encode two membrane proteins, 6K and P3. The 6K protein has been shown to induce virus
replication vesicles. However, the function of P3 remains unclear. In this study, subcellular localization of the
Tobacco etch virus (TEV) P3 protein was investigated in Nicotiana benthamiana leaf cells. The TEV P3 protein
localized on the endoplasmic reticulum (ER) membrane and formed punctate inclusions in association with
the Golgi apparatus. The trafﬁcking of P3 to the Golgi was mediated by the early secretory pathway. The
Golgi-associated punctate structures originated from the ER exit site (ERES). Deletion analyses identiﬁed P3
domains required for the retention of P3 at the Golgi. Moreover, the P3 punctate structure was found to
trafﬁc along the actin ﬁlaments and colocalize with the 6K-containing replication vesicles. Taken together,
these data support previous suggestions that P3 may play dual roles in virus movement and replication.
Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.Introduction
The interface between the endoplasmic reticulum (ER) and the
Golgi apparatus is a critical junction in the early secretory pathway.
Proteins that are destined for secretion enter the secretory pathway by
co-translational translocation into the ER. Anterograde protein
transport from the ER to the Golgi takes place at specialized ER exit
sites (ERES) and is mediated by the coat protein complex II (COPII)
(Robinson et al., 2007; Tang et al., 2005). COPII is composed of four
cytosolic components, the small GTPase Sar1 and its exchange factor
Sec12, and two heterodimeric COPII coat complexes, Sec23/Sec24 and
Sec13/31 (Robinson et al., 2007; Tang et al., 2005). Overexpression of
Sec12 or Sar1 mutants disrupts anterograde protein transport
(Andreeva et al., 2000; Phillipson et al., 2001; Takeuchi et al., 2000).
The plant Golgi apparatus consists of numerous stacks of cisternae,
which are distributed throughout the cytoplasm and often associate
with the ER (Boevink et al., 1998). In plant cells, Golgi stacks are highly
motile and move along the tubular ER network driven by the actin-
myosin transport system (Boevink et al., 1998; Brandizzi et al., 2002;09 Published by Elsevier Inc. All riNebenführ et al., 1999). Recent reports have suggested thatmyosin XI-
Kplays amajor role in the trafﬁckingofGolgi stacks (Avisar et al., 2008;
Prokhnevsky et al., 2008). It is assumed that the retrogradeGolgi-to-ER
protein transport is mediated by COPI machinery (Hawes and Satiat-
Jeunemaitre, 2005). The existence of COPI components such as
coatomers and the GTPase Arf1 which is responsible for coatomer
recruitment, has been proven in plants (Matheson et al., 2007).
Mutations that hamper the GTPase activity of Arf1 block the
anterograde ER–Golgi transport and trigger the disassembly of the
Golgi apparatus (Stefano et al., 2006). In contrast to animal cells,
exchange of cargo between the ER and the Golgi apparatus does not
involve an ER-to-Golgi intermediate compartment and is assumed to
occur either by speciﬁc transport vesicles (COPI and COPII) or by
continuous or transient tubular connections (Moreau et al., 2007;
Robinson et al., 2007).
The positive-strand RNA viruses share fundamentally similar
replication strategies. Upon infection, they all induce the biogenesis
of unique intracellular membranous structures and assemble the virus
replication complex (VRC) in association with these virus-induced
membranous structures for their genome replication (Miller and
Krijnse-Locker, 2008). The origins of these cellular membranes may
be diverse. To investigate how viruses induce the formation of these
replication vesicles, viral nonstructural proteins individually or inghts reserved.
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protein of potyviruses, and the 60-kDa and 32-kDa proteins of Cowpea
mosaic virus (CPMV), a member of comoviruses, target the ER
membranes in the absence of other viral proteins and induce
modiﬁcations of intracellular membranes similar to those found in
virus infection (Carette et al., 2002a, 2002b; Restrepo-Hartwig and
Carrington, 1994; Schaad et al., 1997).
Tobacco etch virus (TEV) is a member of the family Potyviridae. It
has a single-stranded positive-sense RNA of about 10 kb in length and
encodes 11 mature viral proteins (Chung et al., 2008; Le Gall et al.,
2008; Urcuqui-Inchima et al., 2001). Of these 11mature viral proteins,
the 6-kDa protein (6 K or 6K2) and the P3 protein are the two only
viral membrane proteins (Eiamtanasate et al., 2007; Restrepo-
Hartwig and Carrington, 1994; Urcuqui-Inchima et al., 2001). The
6K protein containing a central hydrophobic domain has been
demonstrated to play a key role in the assembly of VRC (Cotton
et al., 2009; Schaad et al., 1997; Wei and Wang, 2008; Wei et al., in
press). The P3 protein contains two hydrophobic domains located at
the N- and the C-terminus, respectively. P3 has been suggested to
have diverse functions such as virus replication, systemic infection,
pathogenicity, and breaking resistance (Chu et al., 1997; Eggenberger
et al., 2008; Hajimorad et al., 2008; Jenner et al., 2003; Johansen et al.,
2001; Klein et al., 1994; Merits et al., 1999). However, previous
studies on P3 have produced conﬂicting results. For instance, the C-
terminal hydrophobic domain has been shown to lead the P3 protein
of Papaya ringspot virus to the ER membrane (Eiamtanasate et al.,
2007). The Tobacco vein mottling virus P3 protein interacts with the
viral CI protein in the cytoplasm at the early stage of virus infection
(Rodríguez-Cerezo et al., 1993). The TEV P3 protein has been found to
associate with viral NIa and NIb proteins in the nucleus (Langenberg
and Zhang, 1997). Subcellular localization and functions of the P3
protein still remain poorly understood.
In the present study, we investigated subcellular localization of the
TEV P3 protein using live-cell imaging in Nicotiana benthamiana
leaves. We demonstrate that the TEV P3 protein formed mobile
punctate structures in associationwith the Golgi apparatus. We report
the identiﬁcation of the protein domain required for the efﬁcient Golgi
retention of the TEV P3 protein. We show that the P3 inclusions
trafﬁcked along actin microﬁlaments and colocalized with the 6K
vesicles.Wepresent evidence that the actomyosinmotility systemwas
required for the trafﬁcking of TEVP3protein in the cytoplasm.Our data
support that the TEV P3plays a role in virus replication andmovement.
Results
TEV P3 fusion protein localizes to the ER–Golgi interface
To investigate the subcellular distribution of TEV P3 in planta,
N. benthamiana was used for transient expression via agoinﬁltration
(Goodin et al., 2008). Transient vector P3-YFP encoding the TEV P3
tagged with the yellow ﬂuorescent protein (YFP) was constructed
and introduced into N. benthamiana leaf cells. The P3-YFP labeled a
polygonal and tubular network characteristic of the ER, and the
punctate structures (inclusions) that were mobile in the cytoplasm
and resembled the plant Golgi apparatus (Fig. 1A). To ascertain the
identities of these structures, we coexpressed P3-YFP with ERD2
tagged with the cyan ﬂuorescent protein (ERD2-CFP), a ﬂuorescent
fusion of the Arabidopsis H/KDEL receptor which is an established
ER and Golgi marker (Brandizzi et al., 2002; Hanton et al., 2005).
The weak ER membrane and punctate structures shown by P3-YFP
colocalized with the ﬂuorescence of the ER and the Golgi apparatus
labeled by ERD2-YFP (Fig. 1B). These data indicate that P3-YFP was
retained in the ER membrane and the Golgi apparatus. To
investigate this feature further, we applied brefeldin A (BFA) to
the N. benthamiana leaf epidermal cells expressing P3-YFP. BFA is
known to cause Golgi proteins to redistribute into the ER in N.benthamiana leaf epidermal cells (Boevink et al., 1998; Brandizzi
et al., 2002; daSilva et al., 2004). When cells expressing P3-YFP
were incubated with 50 μg/mL of BFA for 30 min, a strong ER
labeling without ﬂuorescent punctate structures was observed
(Fig. 1C), indicating that the pool of Golgi-localized P3-YFP proteins
was predominantly redistributed into the ER membranes upon the
BFA treatment. To compare the redistribution of P3 into the ER
with that of a Golgi reporter protein, the epidermal cells were
coinﬁltrated with ERD2-CFP and BFA. A similar redistribution
pattern was detected in ERD2-CFP-expressing cells, showing a
labeling of the ER membranes (Fig. 1D).
In plant cells, coexpression of a nucleotide-free mutant of
RabD2a, RabD2a(N121I), resulted in inhibition of the transport of
a secretory GFP marker between the ER and Golgi (Batoko et al.,
2000). In order to determine whether localization of P3-YFP was
close to the ER–Golgi interface, leaf cells were agroinﬁltrated to
coexpress the untagged RabD2a or its mutant, RabD2a (N121I), with
P3-YFP or ERD2-CFP. As expected, coexpression of RabD2a did not
affect the distribution of P3-YFP or ERD2-CFP in the ER and the
Golgi apparatus (Figs. 1E, G). However, coexpression of RabD2a
(N121I) inhibited the formation of the punctate structure and
redistributed both P3-YFP and ERD2-CFP to highlight the strong ER
membrane (Figs. 1F, H). Taken together, these data suggest that P3-
YFP localizes to the ER–Golgi interface.
ER-to-Golgi transport of the TEV P3 protein is COPI- and
COPII-dependent
Export of membrane proteins from the ER occurs via COPII
vesicles, resulting in delivery of their cargo to the Golgi apparatus
(daSilva et al., 2004; Robinson et al., 2007). Thus, we investigated
whether localization of P3-YFP was related to COPII vesicles. It has
been shown that in N. benthamiana leaf epidermal cells, COPII-
accumulating ERES and Golgi bodies are in close vicinity (daSilva
et al., 2004; Hanton et al., 2008). The small GTPase Sar1 is a GTP-
binding protein that is involved in the recruitment of COPII
proteins and labels the ERES (daSilva et al., 2004; Hanton et al.,
2008; Robinson et al., 2007). We coexpressed P3-YFP with Sar1-
CFP and found that the accumulation of P3-YFP took place
primarily at the ERES labeled by Sar1-CFP and, to a lesser extent,
at smaller punctate structures devoid of Sar1-CFP and on the ER
membrane in N. benthamiana leaf epidermal cells (Figs. 2A, B),
suggesting that the ER-exit of P3-YFP to the Golgi likely involves
COPII vesicles. The origin of these small punctate structures of P3-
YFP, which were also observed in cells without coexpressing Sar1-
CFP (Fig. 1A), is not clear. Furthermore, coexpression of P3-YFP and
Sar1-CFP resulted in the appearance of more bright punctate
structures highlighted by Sar1-CFP (Fig. 2B), when compared with
those in cells expressing Sar1-CFP alone (Fig. 2A). Overexpression
of P3-YFP resulted in an approximately 3-fold increase of the mean
number of Sar1-CFP-labelled ERES. In contrast, overexpression of
Sar1-CFP did not signiﬁcantly affect the number of punctate
structures of P3-YFP. To further verify colocalization of the P3
protein and ERES, another ERES-labeling protein, Sec24, was cloned
and fused with CFP. Sec24 is an essential coatomer of the COPII
complex (daSilva et al., 2004; Hanton et al., 2008; Robinson et al.,
2007). When expressed alone or coexpressed with P3-YFP, the
distribution pattern of CFP-Sec24 resembled that of Sar1-CFP
(Figs. 2C, D). All these data suggest that overexpression of P3
enhances the recruitment of the GTPase Sar1 to ERES.
Coexpression of a GTP-restricted mutant of the GTPase Sar1,
Sar1(H74L), blocks COPII-dependent ER-to-Golgi transport, as this
mutant has low GTP hydrolysis activity, leading to inefﬁcient
vesicle uncoating, and thus reduces vesicle fusion with the Golgi
apparatus (daSilva et al., 2004; Robinson et al., 2007; Takeuchi
et al., 2000). To further investigate whether the ER export of the
Fig. 1. Subcellular localization of the TEV P3 fusion protein in planta. (A and B) P3-YFP was transiently expressed in N. benthamiana leaf epidermal cells either alone (A) or
coexpressed with an ER and Golgi marker (B). Note ERD2-CFP labeled both the ER (arrowheads) and the Golgi apparatus (arrows). Some P3-YFP colocalized with the ER
(arrowheads) and some with the Golgi (arrows). (C and D) After treatment with BFA (50 μg/mL) for 30 min, a strong ER labeling was observed in cells expressing P3-YFP (C) or
ERD2-CFP (D). (E, F, G and H) P3-YFP or ERD2-CFP was redistributed to highlight the strong ER membrane in cells coexpressing untagged RabD2a (N121I) mutant (F, H) rather than
untagged RabD2a (E and G). Bars, 9 μm.
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Sar1(H74L) together with the TEV P3-YFP or ERD2-CFP in N.
benthamiana leaf epidermal cells. Coexpression of the Sar1(H74L)
disrupted the association of P3-YFP with ERES, resulting in an
increased concentration of P3-YFP in the ER (Fig. 2E). This was
consistent with the distribution of ERD2-CFP in Sar1(H74L)-
expressed cells (Fig. 2F). Thus, our data indicate that the blockage
of COPII-dependent ER-to-Golgi transport inﬂuences the export of
P3-YFP from the ER.
In plant cells, overexpression of a GDP-restricted mutant of
Arf1, Arf1(T31N), causes the relocation of Golgi-resident proteins
to the ER through the disassembly of the COPI complex and the
Golgi apparatus (Lee et al., 2002; Stefano et al., 2006; Takeuchi
et al., 2002). Therefore, it is possible that the disassembly of the
Golgi apparatus by this mutation would also block the association
of P3-YFP with this organelle. To test this, we expressed the
untagged Arf1(T31N) together with the TEV P3-YFP or ERD2-CFP
in N. benthamiana leaf epidermal cells. Overexpression of Arf1
(T31N) caused a dramatic redistribution of P3-YFP or ERD2-CFP
into the ER network, showing a sheet-like appearance probablydue to the accumulation of large amounts of the fusion protein in
this organelle (Figs. 2G, H). In contrast, overexpression of the
GDP-restricted mutant of Arabidopsis Arf3 [Arf3(T31N)], an Arf1
homolog of Arabidopsis (Lee et al., 2002), did not affect the
trafﬁcking of the Golgi marker ERD2-CFP and showed no effect on
Golgi localization of P3-YFP (Figs. 2I, J). Taken together, these
results suggest that localization of P3-YFP to the Golgi apparatus
is mediated by the active COPI and COPII machineries in plant
cells.
The second transmembrane domain is required for the TEV P3 to enter
into the early secretory pathway for targeting the Golgi apparatus
Computer analysis of the primary sequence of the TEV P3
protein revealed the presence of two major hydrophobic regions
(Fig. 3A). The two predicted transmembrane helices were desig-
nated TM1 and TM2 (Fig. 3A). The tight association of the TEV P3-
YFP with the Golgi apparatus prompted us to investigate the
sequence elements within P3 that mediate the membrane associ-
ation. We generated several deletions of P3-YFP in which the
Fig. 2. ER-to-Golgi transport of the TEV P3 protein is COPI- and COPII-dependent. (A and C) When expressed alone in N. benthamiana leaf epidermal cell, the ERES marker Sar1-
CFP (A) or CFP-Sec24 (C) showed a cytoplasmic distribution and formed weak punctate structures (arrows). (B and D) When coexpressed with P3-YFP, Sar1-CFP (B) or CFP-
Sec24 (D), while maintaining a cytoplasmic staining, formed distinct punctate structures characteristic of ERES. Note colocalization of the larger punctate structures of P3-YFP
(arrows) with ERES labeled by Sar1-CFP or CFP-Sec24, and the smaller punctate structures of P3-YFP (arrowheads) devoid of Sar1-CFP-labeled ERES. (E and F) Coexpression of
the dominant-negative mutant Sar1(H74l) with either the P3-YFP (E) or ERD2-CFP (F) in N. benthamiana leaf epidermal cells led to the redistribution of P3-YFP or ERD2-CFP in
the ER membrane. Note that the P3-YFP or ERD2-CFP ﬂuorescence did not accumulate at ERES, and the redistribution induced a pronounced ER staining. (G and H) A strong ER
labeling was observed in cells coexpressing either P3-YFP (G) or ERD2-CFP (H) with the untagged Arf1 (T31N) mutant. (I and J) Coexpression of P3-YFP (I) or ERD2-CFP (J)
with the untagged Arf3 (T31N) mutant did not change the subcellular distributions of the P3-YFP or ERD2-CFP ﬂuorescence. Bars, 12 μm.
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separately. We found that the ﬂuorescent YFP fusion of the region
excluding TM1 (ΔTM1) associated mainly with the Golgi apparatus
(Fig. 3H). The P3 C-terminal region (amino acids 248–347 contain-
ing TM2) or the TM2 domain exclusively labeled the polygonal and
tubular network characteristic of the ER (Figs. 3C, E). In contrast,
the ﬂuorescent YFP fusion of different P3 regions excluding TM2,
i.e., the N-terminal region containing amino acids 1–53, the central
region consisting of amino acids 54–247, TM1 and ΔTM2, was
diffusely distributed in the cytoplasm and the nucleus (Figs. 3B, D, I,
G). Thus, deletion of the TM2 domain of the TEV P3 abolished its
entry into the early secretory pathway. These data also suggest that
the P3 N-terminal region excluding TM1 is important for this
protein targeting the Golgi apparatus.
Trafﬁcking of Golgi-resident P3 inclusions is dependent on the
actomyosin motility system
As reported above, the TEV P3 inclusions localized to the Golgi
which is highly motile (Boevink et al., 1998; Brandizzi et al., 2002;
Nebenführ et al., 1999). The motility of Golgi stacks depends
speciﬁcally on class XI myosins, requires an intact and dynamic
actin cytoskeleton, and appears to associate with the ER membrane
(Avisar et al., 2008; Boevink et al., 1998; Brandizzi et al., 2002;Nebenführ et al., 1999; Prokhnevsky et al., 2008). To investigate
whether the trafﬁcking of Golgi-resident P3 proteins also employed
the actomyosin motility system, we ﬁrst monitored the motility of P3-
YFP punctate structures coexpressing with the actin marker, mTalin-
CFP. In the leaf cells of N. benthamiana, the P3 punctate structures
coaligned with and trafﬁcked along actin ﬁlaments (Fig. 4). In time-
lapse movies taken in the duration of 94 s, the velocity of P3 punctate
structure movements varied between 0.3 and 2.1 μm s−1 (Movie S1).
These values are within the range of velocities reported for Golgi
stacks in different plant tissues (Avisar et al., 2008; Boevink et al.,
1998; Prokhnevsky et al., 2008). In contrast, P3 punctate structures
were immobile in cells after treatment with 25 μM Latrunculin B (Lat
B) for 2 h, an inhibitor of actin polymerization (Movie S2). The
movement of Golgi stacks in the leaf cells of N. benthamiana is
mediated mainly by myosin XI-K (Avisar et al., 2008; Prokhnevsky
et al., 2008). We further examined if myosin XI-K was involved in the
trafﬁcking of the P3 punctate structures. The suppression of myosin
XI-K function through overexpression of a dominant-negative
mutant, the myosin XI-K tail, dramatically reduced the movement of
Golgi stacks (Avisar et al., 2008). In this study, overexpression of this
myosin XI-K tail also nearly halted the trafﬁcking of P3 punctate
structures (Movies S3 and S4). Taken together, these data strongly
suggest that myosin XI-K plays a major role in the trafﬁcking of the
Golgi-resident TEV P3 protein.
Fig. 3. (A) Schematic illustrations of various deletions of the TEV P3 protein which is 347 amino acids in length and includes two putative transmembrane domains. Portions of the
putative TM1 and TM2 are colored red. Construct names are indicated to the right. Blocks represent regions of the P3 proteins contained in the construct. Discontinuous lines
represent the deletion region. Numbers indicate the relative amino acid positions in the TEV P3 protein. The subcellular distribution of proteins derived from respective constructs is
summarized to the left. (B–H) Subcellular localization of various deletion forms of the TEV P3 in N. benthamiana leaf epidermal cell. Arrows in panel H indicate colocalization of
ΔTM1-YFP with the Golgi marker ERD2-CFP. Bars, 8 μm.
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Recently the 6 K protein of TEV has been shown to predominantly
colocalizewith the ERES labeled by Sar1, and Sec23 or Sec24 and trafﬁc
along actin microﬁlaments. (Wei and Wang, 2008). These 6K vesiclesFig. 4. Coalignment of the punctate structures of P3-YFP with actin ﬁlaments. Coexpression o
cell. Arrows indicate coalignment of the actin ﬁlament marker with P3-YFP. Bars, 9 μm.are the site for potyviral genome replication (Cotton et al., 2009). To
determine if P3 inclusions also associatedwith 6K vesicles during virus
infection, P3-YFP was coexpressed with 6K-CFP in N. benthamiana leaf
epidermal cells infected with TEV. At 48 h after agroinﬁltration, the
discrete patches of P3-YFP colocalized with the 6K-CFP (Fig. 5).f 6K-YFP and the actin ﬁlament marker mTalin-CFP in an N. benthamiana leaf epidermal
Fig. 5. Colocalization of the punctate structures of P3-YFP with 6K-CFP in N. benthamiana leaf epidermal cells infected with TEV 48 h post-agroinﬁltration. Bar, 9 μm.
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In addition to ER localization, the TEV P3 protein was also found
to associate with punctate structures in colocalization with the
Golgi marker ERD2 (Fig. 1B). Either BFA treatment or coexpression
of a mutant form of RabD2a, the regulator of ER-to-Golgi transport,
inhibited P3 accumulation at the Golgi apparatus and redistributed
P3 to the ER membrane, leading to the visualization of the ER
network (Figs. 1C, F). These data suggest that the P3 protein is
located near the ER–Golgi interface and can cycle between the two
organelles. Export of membrane proteins from the ER occurs via
COPII vesicles at the ERES, resulting in delivery of their cargo to the
Golgi apparatus (Tang et al., 2005). It is yet unknown whether plant
RabD2a functions in the COPII-mediated trafﬁcking pathway or an
independent trafﬁcking route. Previous studies have suggested that
an Sar1 mutant, the GTP-restricted Sar1, inhibits COPII uncoating,
making the COPII-coated vesicles fail to develop into mature
vesicular-tubular clusters and leading to the loss of ERES (daSilva
et al., 2004; Robinson et al., 2007; Takeuchi et al., 2000).
Localization of P3 to ERES (Figs. 2B, D) indicates that P3
accumulates at these speciﬁc COPII-accumulating ER-domains for
trafﬁcking to the Golgi body. We further show that coexpression of
the GTP-restricted mutant of Sar1 aborted the trafﬁcking of P3 to
the Golgi apparatus (Fig. 2E), suggesting that the ER-to-Golgi
transport of P3 is COPII-dependent. Subcellular localization of
deleted P3 forms indicates that the second transmembrane domain
(TM2) rather than the ﬁrst transmembrane domain (TM1) was
required for the TEV P3 to associate with the ER as well as target
the Golgi apparatus (Fig. 3). However, TM2 alone is not sufﬁcient
for the translocation from the ER to the Golgi, which requires the
presence of the region (excluding TM1) upstream of TM2 (Fig. 3). It
is possible that this region interacts directly with the small GTPase
Sar1 or sec23/24 dimer to initiate the assembly of the COPII
complex at ERES (Aridor et al., 1998; Barlowe, 2003; Bi et al., 2002;
Giraudo and Maccioni, 2003; Robinson et al., 2007). The ﬁnding that
coexpression of P3 resulted in an increased recruitment of Sar1 or
Sec24 to ERES in N. benthamiana leaf epidermal cells (Figs. 2A, B)
further supports the possible involvement of COPII proteins in the
ER exit of P3. This is consistent with previous observation for ERD2
which recruits Sar1 to ERES (Hanton et al., 2007).
In plant cells, the small GTPase Arf1 localizes at the Golgi
apparatus (Lee et al., 2002; Stefano et al., 2006; Takeuchi et al.,
2002). Expression of a GDP-restricted mutant of Arf1 impairs the
COPI machinery and disrupts the Golgi (Lee et al., 2002; Stefano
et al., 2006; Takeuchi et al., 2002). In this study, coexpression of the
Arf1 mutant simultaneously blocked the association of P3 with the
Golgi apparatus (Fig. 2G). In contrast, the GDP-restricted mutant of
Arf3, which has a negligible effect on the Golgi (Lee et al., 2002), did
not inhibit the association of P3 with this organelle (Fig. 2I).
Therefore, our data suggest that the Golgi-targeting of P3 requiresthe functional COPI machinery and the integrity of the Golgi
apparatus. Taken together, these data suggest that the trafﬁcking of
P3 from the ER to Golgi requires COPI and COPII, consistent with a
recent model showing that the integrity of ERES and Golgi structures
is maintained by the balanced action of the COPI and COPII systems
in N. benthamiana leaf epidermal cells (Stefano et al., 2006).
Among picorna-like plant viruses, the potyvirus P3 is equivalent
to the 32K protein of CPMV, a comovirus (Koonin and Dolja, 1993;
Koonin et al., 2008; Le Gall et al., 2008; Riechmann et al., 1992).
Both proteins are located upstream of the Hel–Pro–Pol core
replicative module of the viral genome (Le Gall et al., 2008;
Riechmann et al., 1992). Conserved amino acid sequence has been
found between the N-terminal part of potyvirus P3 and CPMV 32K
(Riechmann et al., 1992). Like P3, CPMV 32K also contains the
stretches of hydrophobic amino acids that target the ER-associated
membranes and may play a key role in the assembly of VRC
(Carette et al., 2002b). In this study, we found that the TEV P3
colocalized with the TEV 6K-induced vesicles (Fig. 5) that have
been suggested as the site for potyviral genome replication
(Dufresne et al., 2008; Schaad et al., 1997; Thivierge et al., 2008;
Wei and Wang, 2008). Thus, it is possible that P3 directly
contributes to the assembly of VRC. This assumption is also
supported by the following ﬁndings. First, potyvirus P3 is
associated with the membrane fraction from infected tissue
extracts (RodrõÂguez-Cerezo and Shaw, 1991). Second, it interacts
with viral replicase components such as CI, NIa-VPg, NIa-Pro and
NIb (Choi et al., 2000; Merits et al., 1999; Rodríguez-Cerezo et al.,
1993). Third, mutation of P3 disrupts viral replication (Klein et al.,
1994; Choi et al., 2005). Finally, impairing either the COPI or COPII
complex inhibits the trafﬁcking of P3 (this study) and reduces the
replication of TEV in N. benthamiana leaf epidermal cells (Wei and
Wang, 2008).
In this study, we show that P3 punctate structures weremotile and
trafﬁcked along actin microﬁlaments, suggesting P3 may also play a
role in viral intracellular and intercellular movement (Fig. 4; Movie
S1). Previously, a number of MPs of plant viruses, such as Beet yellows
virus (BYV) Hsp70 h (Prokhnevsky et al., 2005), Potato virus X TGBp2
(Ju et al., 2005), Potato mop-top virus TGB2 (Haupt et al., 2005) and
Tobacco mosaic virus (TMV) MP (Wright et al., 2007), have been
shown to trafﬁc along actin ﬁlaments. Though potyviral P3 is not
considered as MP, it does interact with CI, the potyviral protein
associated with virus movement (Carrington et al., 1998; Choi et al.,
2000; Merits et al., 1999; Rodríguez-Cerezo et al., 1993). The
trafﬁcking of P3 punctate structures along actin microﬁlaments was
prevented by LatB treatment or by coexpression of a dominant-
negative mutant of myosin XI-K (Movies S3 and S4). Myosin XI-K is
known to be responsible for the dynamic movements of Golgi
complexes and other subcellular organelles (Avisar et al., 2008;
Prokhnevsky et al., 2008; Yokota et al., 2009). Since the ER is tightly
associated with the actin network, the myosin XI-K–driven Golgi-
62 X. Cui et al. / Virology 397 (2010) 56–63resident P3movement along actin ﬁlaments would also align with the
ER. Therefore, the actomyosin/ER network may play an essential role
in supporting the intracellular trafﬁcking of P3, as suggested
previously for TMV MP and BYV Hsp70h (Prokhnevsky et al., 2005;
Wright et al., 2007).
Materials and methods
Gene cloning and plasmid construction
Arabidopsis thaliana RNA isolation, cDNA synthesis and polymerase
chain reaction (PCR) were carried out as described (Wei and Wang,
2008). The primer sequences used for cloning and mutagenesis in this
study are listed in Supplemental Tab. S1. Gateway technology was
used to produce plasmids for transient expression in planta (Wei and
Wang, 2008; Earley et al., 2006). The P3 cistron was obtained by PCR-
ampliﬁcation of the pTEV7DA-GFP infectious clone kindly provided by
J.C. Carrington (Oregon State University). Gateway technology with
the entry vector pDONR201 and destination vectors pEarleygate101
was used to produce plasmids P3-YFP. The DNA fragments encoding
Arf1(T31 N) and Arf3 (T31N) were ampliﬁed from clones published
previously (Lee et al., 2002) and recombined into pDONR201. The
coding sequences of AtRab1b and mutant AtRab1b (N121I) were
ampliﬁed from cDNA derived from Arabidopsis RNA (Batoko et al.,
2000) and recombined into pDONR201. The plasmid containing the
tail of myosin XI-K of N. benthamiana was a generous gift from V. V.
Dolja (Oregon State University) (Avisar et al., 2008). Constructs for
expressing CFP-HDEL fusion protein was kindly provided by TAIR.
Plasmids expressing 6k-CFP, mTalin-CFP, the ERES marker Sar1-CFP
and CFP-Sec24, the Golgi marker ERD2-CFP, and untagged Sar1
(H74L) were as described previously (Wei and Wang, 2008). The
entry vector pDONR201 containing Arf1(T31N), Arf3 (T31N) and
AtRab1b (N121I) was transferred by recombination into the destina-
tion vector pEarleygate100.
Deletion analyses
Transmembrane helices in the P3 protein of TEV were predicted
using the following programs: PHDhtm (Rost et al., 1996), Tmpred
(Hofmann and Stoffel, 1993), TMHMM (Sonnhammer et al., 1998),
Split (Juretic et al., 2002), TopPred 2.0 (Claros and von Heijne,
1994), TSEG (Kihara et al., 1998) and HMMTOP (Tusnady and
Simon, 1998). To produce various P3 deletions in which the
hydrophobic segments TM1 and TM2 were deleted or expressed
individually, the P3 cDNA fragment was ampliﬁed by PCR using
primers shown in Supplemental Table S1. The resulting partial P3
cDNA fragments were recombined into plasmid pDONR201, and
then into plasmid pEarleygate101 to produce plasmids 1–53-YFP,
248–347-YFP, 54–257-YFP, TM1-YFP, TM2-YFP, ΔTM1-YFP, ΔTM2-
YFP and ΔTM1-2-YFP, respectively (Fig. 3).
Transient expression in N. benthamiana
The overnight culture of Agrobacterium tumefaciens strain GV3101
containing relevant plant expression vectors was centrifuged, washed
and resuspended into an optical density of 0.1–0.2 at 600 nm, as
described previously (Sparkes et al., 2006). The diluted agrobacterial
culture was inﬁltrated into leaf tissues of 4- to 5-week-old N.
benthamiana plants grown in a greenhouse at 22 °C to 24 °C with a
1-mL syringe. Expression of ﬂuorescence proteins was observed 24 to
72 h post-agroinﬁltration.
Drug treatments
For actin depolymerization, chemical treatment was carried out
following transient coexpression of P3-YFP and mTalin-CFP in 4-week-old N. benthamiana plants. The leaf tissues were treated with
5 μM, 10 μM, 25 μM or 50 μM Lat B (Sigma) for 2 h, as described
previously (Wei and Wang, 2008). For BFA treatment, the BFA (stock
solution: 5 mg/mL in dimethyl sulfoxide; Sigma) was used at a
concentration of 10 μg/mL and 50 μg/mL as described previously
(daSilva et al., 2004).
Confocal microscopy
Plant tissues were imaged at room temperature using a Leica TCS
SP2 inverted confocal microscope with a 63× oil immersion objective.
For confocal microscopy, CFP was excited at 458 nm, and the emitted
light was captured at 440 to 470 nm; YFP was excited at 514 nm, and
the emitted light was captured at 525 to 650 nm. Images were
captured digitally and handled using the Leica LCS software. Time-
lapse scanning was performed with the Leica TCS SP2 imaging system
software. Postacquisition image processing was done with Adobe
Photoshop 5.0 software.
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